Abstract Prior studies have suggested that biomodels enhance patient education, preoperative planning and intra-operative stereotaxy; however, the usefulness of biomodels compared to regular imaging modalities such as X-ray, CT and MR has not been quantified. Our objective was to quantify the surgeon's perceptions on the usefulness of biomodels compared to standard visualisation modalities for preoperative planning and intra-operative anatomical reference. Physical biomodels were manufactured for a series of 26 consecutive patients with complex spinal pathologies using a stereolithographic technique based on CT data. The biomodels were used preoperatively for surgical planning and customising implants, and intraoperatively for anatomical reference. Following surgery, a detailed biomodel utility survey was completed by the surgeons, and informal telephone interviews were conducted with patients. Using biomodels, 21 deformity and 5 tumour cases were performed. Surgeons stated that the anatomical details were better visible on the biomodel than on other imaging modalities in 65% of cases, and exclusively visible on the biomodel in 11% of cases. Preoperative use of the biomodel led to a different decision regarding the choice of osteosynthetic materials used in 52% of cases, and the implantation site of osteosynthetic material in 74% of cases. Surgeons reported that the use of biomodels reduced operating time by a mean of 8% in tumour patients and 22% in deformity procedures. This study supports biomodelling as a useful, and sometimes essential tool in the armamentarium of imaging techniques used for complex spinal surgery.
Introduction
The process of stereolithographic biomodelling and its application to spinal surgery was first described by D'Urso et al. in 1999 [4] . Biomodelling accurately reproduces the morphology of a biologic structure from computerised tomography (CT) scans by using image processing software and a rapid prototyping apparatus to produce a physical copy in acrylate [1, 11] .
Planar radiographic images used in planning spinal surgery can be difficult to interpret, especially in cases involving complex pathoanatomy. Three-dimensional CT imaging allows construction of a virtual anatomic overview enhancing the visualisation of spinal disease [2, 9, 13, 15] . However, the limitations of visualising three-dimensional (3D) models using two-dimensional prints-the method employed by most radiology departments making such images available for surgeons to use in practice-has limited its application [1] . Planning the placement of implants onto pathologic spinal structures is also very difficult using the standard 2D and 3D visualisation techniques available.
The preliminary investigation of spinal biomodelling in 1999 [4] based on five cases found that an accurate physical model of the spine is an effective tool to enhance patient education and consent, preoperative planning and intra-operative stereotaxy [7] . A study using biomodels in 45 complex cranio-maxillofacial surgeries found their use improved diagnosis and operative planning, facilitated informed consent and reduced operative time [5] . A subsequent study of six patients in 2001 [14] using biomodels concluded that they provided excellent understanding of the complex spinal pathology and assisted surgical planning and performance. However, the benefits of biomodels in complex spinal surgery have not been quantified to date. This study aims to quantify the surgeon's perceptions on the usefulness of biomodels, compared to standard visualisation techniques for a series of complex spinal surgery patients.
Materials and methods

Biomodel manufacture and utilisation
The senior authors (GNA and RDL) employed 28 biomodels in a series of 26 patients with complex spinal disorders. Patients were selected for the technique if the pathoanatomy was not considered to be clearly displayed by standard imaging techniques. Helical CT scans of the spine were performed (GE Lightspeed Plus; General Electric Medical Systems, Milwaukee, WI, USA) to produce a series of axial images (16 bits, 512 · 512 pixels, 0.6-1 mm spacing). Scans were then transferred to an image processing system (Anatomics Biobuild; Anatomics Pty Ltd, Melbourne, Australia ), which produced a model suitable for manufacture by stereolithography (SLA250, 3D Systems, USA) [3] . Stereolithography involves a liquid-bed laser curing system, where a laser traces contours and polymerises a photosensitive liquid plastic monomer or resin [4, 10] . The accuracy of stereolithographic biomodels has been reported to be within 1 mm of the scanned anatomy [6] . Artificial struts are built into the model, if required, to position and hold separate structures in their anatomical positions. A typical model takes 18-30 h to build on the SLA apparatus, depending on geometry and volume. Cervical spine models or smaller spine segments can take between 12 and 16 h. The processing of CT data prior to building the model typically takes 1-2 h.
Following manufacture, the biomodels were used for: Each biomodel was sterilised (first 12 by autoclave and subsequent 16 using Gamma radiation) prior to intra-operative use. Gamma radiation was used with the latter models to avoid thermal surface degradation due to autoclaving of the biomodel material.
Postoperative survey
In the early postoperative period following each operation, a detailed utility survey was completed by the senior surgeon (Appendix 1). The survey contained questions relating to the effect of the biomodel on: preoperative planning and implant selection, the surgical procedure and outcomes and the surgeon's overall opinion on the usefulness and effectiveness of the biomodel. Informal telephone interviews with patients or consenting relatives were also conducted postoperatively to assess the effect of the biomodels in the consent process. Table 1 shows the cases selected for biomodelling between 1997 and 2005. All surgical procedures were performed by the senior authors (RDL and GNA). Both surgeons work exclusively in spinal orthopaedic surgery and predominantly with spinal deformity and have over 20 years of combined specialist experience. Spinal deformities or instability comprised 79% of the models (22 models in 21 patients), with the remaining 21% (6 models in 5 patients) comprising cervical tumours including osteoblastoma and chordoma.
Results
Study cohort
Two of the patients had a second biomodel made. The first had recurrence of a C2 chordoma, which necessitated a second model prior to a second surgical procedure. The second patient's initial biomodel included the occiput and cervical spine only, so a second biomodel was ordered to allow visualisation of the patient's extensive deformities, which included upper cervical instability, a C4-5 hemivertebra and cervicothoracic scoliosis.
Tumour surgery
Five patients with tumours of the cervical spine were treated in the series using six biomodels resulting in six surgical procedures (Appendix 2). There were four males and one female with a mean age of 28.8 ± 16.2 (range 7-50). One patient had an early recurrence of tumour, so underwent revision surgery three months later with wide excision and reconstruction and has no evidence of recurrence 72 months following revision surgery. This group of patients has now been monitored postoperatively for a mean of 71.8 ± 4.1 months (range 65-75) and all patients are currently diseasefree.
Deformity surgery
Thirteen cases of cervical and cervico-thoracic deformity and eight cases of thoracolumbar deformity were treated in the series (Appendix 3). These cases included 8 males and 13 females with a mean age of 8.7 ± 6.8 years (range 1-28). One patient with cervical hemivertebrae did not have a surgical procedure performed as a result of detailed preoperative examination of the biomodel, which showed the congenital deformity to be more benign than was indicated by other imaging modalities. In this case, the biomodel was also used to illustrate to the parents of this patient, aged seven, the reasons behind the decision not to operate. The deformity has since remained stable for the last 77 months. The spinal deformity group of patients has been monitored for a mean of 37.5 ± 24.8 (range 9-84) months.
Preoperative planning A summary of other visual modalities used prior to requesting a biomodel during surgical planning revealed X-rays were ordered in 100% of cases, 2D CT scans in 67% of cases, 3D CT scans in 70% of cases and 2D MRI in 93% of cases. When comparing the anatomical details from the biomodel to that of other visualisation modalities, the information needed was less visible on the biomodel than on the images in 15.4% of cases (n = 4), there was no difference in 7.7% of cases (n = 2), the information needed was better visible on the biomodel than on the images in 65.4% of cases (n = 17) and the information needed was exclusively visible on the biomodel in 11.5% of cases (n = 3) (Figs. 1, 2, 3). In 22% of cases (n = 6), the detail revealed by the biomodel allowed multiple surgeries to be combined into one procedure with improved confidence. In 11% of cases (n = 3), the surgery was simulated preoperatively on the biomodel with reported benefits of a much better surgical outcome, having planned the precise positioning of the implant required (Fig. 4) . The implant/instrumentation for the surgery was altered or custom made using the biomodel in three cases, which resulted in a perfect fit in two cases and a good fit with some minor bone remodelling in the third instance.
On comparing the biomodel to other visualisation modalities used for surgical planning, the biomodel was reported by the surgeons to be either 'not as useful' (39%), 'the same' (33%), or 'more useful' (20%) for diagnosis and detection of the problem, and was reported as 'the same' (15%), 'more useful' (37%), or 'provided unique info' (48%) for rectification of the problem. The surgeons reported that the biomodel was the most useful preoperative visualisation modality in the surgical planning process in 70% of cases (n = 19) and the second most useful modality in 19% (n = 5) of cases.
Of the 19 patients or relatives able to be contacted, all stated that the biomodels improved informed consent by improving anatomical understanding of the pathological condition, the planned procedure and the risks (Figs. 5, 6 ).
Surgical procedure
The mean length of the surgical procedures for the tumour and deformity groups, respectively, were 610 ± 327 (range 240-960) min and 309 ± 220 (range 135-1,089) min. On the surgeon's estimate, use of biomodels reduced operating time for the whole series by an average of 17% (63 min per case). For the tumour group, the estimated reduction in operating time was 8% (mean 46 ± 60 min per case, range 0-125), and 22% for the deformity group (mean 68 ± 40 min per case, range 30-180). Estimates of surgical time saved using the biomodels were made using historical reference data on surgical times for equivalent spinal deformity or tumour cases at the same centre. The reasons given in the survey for the reduction in surgery times were:
• Detailed preoperative planning and improved confidence in the surgical intervention.
• Better anatomical visualisation.
• Easier and more accurate and efficient implant and screw positioning.
• Easier and more accurate osteotomy and vertebrectomy.
• Less frequent reference to other imaging resources.
• Biomodel identifying a hidden hemivertebra prior to the surgery.
• Reduced number of levels instrumented.
In 100% of cases, the surgeons reported that the accuracy of the model was either adequate (65.4%, n = 17) or more than needed (34.6%, n = 9) for the type of procedure. In 100% of cases, the surgeons reported that they would again order a biomodel should a similar patient present who required surgical correction.
Biomodel use facilitated better or much better intraoperative communication between the theatre staff and aided in trainee surgeon education in 89% of cases. Intra-operative anatomical details were found to be accurately represented by the biomodel and was reported as being almost the same in 58% of cases (n = 15), exactly the same in 39% of cases (n = 10) and somewhat different in the single remaining case.
The models were sterilised in all the cases and referred to extensively during the procedure (>10 times in 18 cases and 6-10 times in 8 cases). Intra-operatively, the surgeons reported the model as being the most useful visual modality in 89% of cases (n = 23) and in the top two most useful modalities in 96% of cases (n = 25).
When asked how much the use of a biomodel affected the choice of materials, instruments and devices used during surgery, the surgeons reported that the biomodel had no influence in 15% of cases (n = 4, due to the anatomy being adequately displayed by prior X-rays and scans), a slight influence in 8% of cases (n = 2), a moderate influence in 19% of cases (n = 5), a significant influence in 50% of cases (n = 13) and was extremely influential in 8% of cases (n = 2). The biomodel was reported as being extremely influential when use of the model resulted in custom or altered implants being arranged during preoperative planning (Figs. 7, 8 ).
Procedure outcomes
Regarding the effect of the biomodel on various surgical outcomes in comparison to other visualisation modalities, biomodel use changed the outcome of the procedure in 93% of cases (n = 25), with the biomodel improving surgical outcome (either 'better' or 'much better') in 78% of cases (n = 21) and the surgeons reporting that the desired surgical outcome was unachievable without the biomodel in 15% of cases (n = 4). The survey responses indicated that patient care was either 'better' or 'much better' in 96% of cases (n = 26) as a direct result of using a biomodel.
When asked to report their opinion on the effect the biomodel had on the cost of the procedure, the survey results indicated the cost was higher in 7.4% of cases (n = 2), the same in 33% of cases (n = 9), lower in 44% of cases (n = 12) and significantly lower in 15% of cases (n = 4). In the two cases where the biomodels increased the cost of the procedure, each patient had two biomodels made, and the reduction in surgery time was not enough to offset the cost of two biomodels. The Australian government funded Children's Hospital paid for the biomodel in 58% of cases (n = 15), private health insurance in 27% of cases (n = 7) and the patient paid in 15% of cases (n = 4). When asked to rank a series of eight attributes from most important (Score 1) to least important (Score 8) regarding the decision to use a biomodel, the surgeons ranked model accuracy as most important (Score 1) in 93% of cases (n = 25), while the ability to sterilise the model for intra-operative reference was listed in the top three most important attributes in 96% of cases (n = 26). The only other consistently nominated factor was rapid delivery time for the model, which was listed in the top three attributes in 89% of cases (n = 24).
Discussion
Biomodelling allows CT data to be displayed in accurate physical form. The data required is simple to acquire and can be transmitted to the manufacturer via the Internet or by postage of a computer disk. This enables physical biomodels to be used in countries where the manufacturing technique is not yet available. The biomodels were found to be highly accurate in relation to anatomy identified during the surgery and were especially helpful for cases with limited surgical access or with vital surrounding structures.
The utility survey responses in this study demonstrate that for complex spinal surgery cases, biomodels have advantages over the use of two-dimensional and three-dimensional imaging techniques both preopera- Fig. 3 Lateral view of biomodel of lower thoracic hemivertebrae (Case 21) illustrating the two incomplete vertebral segments whose finer details were not clearly demonstrated with either the 3D CT or MRI examinations Fig. 4 Postoperative sagittal X-ray after excision of both hemivertebrae (Case 21) and posterior instrumented fusion from T4-L3. During anterior surgery, the anatomical accuracy of the biomodel facilitated confident excision of both hemivertebrae, one of which was difficult to visualise within the intra-operative field. This allowed good surgical correction to be achieved tively and intra-operatively. The biomodel facilitates preoperative surgical planning and rehearsal by allowing simulated reconstruction and instrumentation. Of note, the surgeons reported that the desired surgical outcome was unachievable without the biomodel in 15% of cases. It is also possible to test custom made or off-the-shelf implants before surgery to ensure that they will be accurately implantable. During surgery, the anatomical reference provided by the biomodel allows safer dissection of tumours with a higher degree of surgical confidence during approach. These cases are technically challenging and the surgeon's estimates of time saved (mean 46 min per case) provides substantial benefits to tumour patients.
Both the spinal deformity and tumour procedures have achieved satisfying results following biomodelassisted surgery, with mean follow-up periods of around 3 years for the deformity group and 6 years for the tumour group. In one case, biomodelling of the pathoanatomy indicated that the deformity was unlikely to progress, and surgery was therefore not undertaken, with good clinical outcome.
The most challenging surgical group has been the subgroup of deformity patients with severe spinal dysraphism requiring long fusions. The surgical treatment of such patients often involves significant complication rates [8, 12] . One patient in this subgroup died one month postoperatively after a sudden unexplained increase in intracranial pressure on day 2 post surgery, resulting in a hypoxic brain incident (the spinal surgery itself was considered successful). One patient experienced some loss of correction following surgery. The remaining five patients achieved lasting correction of the deformity. Utility survey responses for this subgroup indicated that the biomodels facilitated planning of the kyphectomy and reduced operative time by a mean of 22% (58 min, range 30-120).
Biomodel cost is in the range of AUD $900-1,500 depending on the size and complexity of the model required. Surgeons report that for cases where a biomodel has been ordered, the total procedure cost is the same or lower than if a model were not ordered in 92% of cases. Reasons given for the offset of costs included reduction in surgery time due to; (1) more efficient operative technique (including cases where one surgical approach was required instead of two or a number of surgical interventions were combined into one procedure), (2) detailed preoperative planning and increased confidence with reduced reliance on other visualisation modalities, (3) fewer intra-operative complications, and (4) more accurate fixation requiring less extensive instrumentation. Due to the above justifications, the biomodel cost was billed directly to the patient in only four cases when the surgery was performed in a private hospital on uninsured patients. Otherwise, the biomodel costs were accepted by private health insurance companies or the government funded hospitals.
Survey results indicate that biomodels have also proved helpful as a communication tool, providing patients with a better appreciation of their condition and of the planned surgery and the subsequent risks involved. Further, biomodels facilitate communication within the surgical team both pre and intra-operatively. The main obstacle to more widespread biomodel use for educational purposes is the cost of production, but in the same way that demonstration spines with normal anatomy are used in outpatient clinics, it is possible to have an 'exemplar' biomodel of certain deformity conditions to explain the pathoanatomy to patients and students.
Conclusions
Our spinal unit has used biomodelling for tumour and deformity cases with the most challenging pathoanatomy and demonstrated it to be a useful tool in the armamentarium of imaging techniques used in complex spinal surgery.
A postoperative utility survey was completed by the surgeons, in which the biomodels were reported as the most useful visual modality in the preoperative planning process for 70% of cases and the most useful intra-operative visual modality in 89% of cases.
On comparing the anatomical details from the biomodel to that of other visualisation modalities, surgeons reported that the information needed was better visible on the biomodel than on other modalities in 65% of cases and was exclusively visible on the biomodel in 11% of cases.
Biomodels were found to be highly accurate in relation to anatomy identified during the surgery when compared with other visualisation modalities and resulted in improved communication with patients/parents and informed consent in 96% of cases.
Surgical times were reduced in 89% of cases by a mean of 63 min per case and therefore surgical costs were often subsequently reduced despite the additional cost of the biomodel.
In 100% of cases, the surgeons reported that the model had a positive effect on the outcome of the surgical procedure and that they would order a biomodel again should a similar case present. 
